Habrobracon hebetor Say (Hymenoptera: Braconidae) is a cosmopolitan idiobiont ectoparasitoid wasp and one of the most important biological control agents of lepidopteran larvae, especially of larvae of the family Pyralidae such as Indian meal moth, Plodia interpunctella (H€ ubner). Using biological control agents in combination with other pest management approaches may enhance the efficiency of pest management. Acarbose, a non-proteinaceous inhibitor, is well known for its inhibitory effect on insect digestive carbohydrases, especially a-amylase. In the present study the effect of the inhibitor on various physiological and biological parameters of the parasitoid H. hebetor was investigated in a diet-host-parasitoid tritrophic system. The inhibitor decreased a-amylase activity in both in vitro and in vivo assays with the parasitoid; however, there was no significant impact on the biological characteristics studied. Quantification of energy reserves in host larvae and adult parasitoids revealed a dose-dependent effect of the inhibitor on total protein, lipid, carbohydrate, and glycogen contents of the larval host, whereas total protein and carbohydrate of the parasitoid were only reduced at high inhibitor concentrations. In general, the inhibitor acarbose can interfere with some physiological processes in H. hebetor, although the parasitoid's fitness is not negatively affected. Therefore, enzyme inhibitors may be considered an effective tool for pest control in integrated pest management programs.
Introduction
The Indian meal moth, Plodia interpunctella (H€ ubner) (Lepidoptera: Pyralidae), is a world-wide insect pest of stored products (Mohandass et al., 2006) . Larvae of P. interpunctella feed on almost any type of stored products including grains, dried fruits, nuts, chocolate, legumes, and plant seeds, causing extensive damage by reducing dry weight, germination, nutritional value, and quality grade of harvested products (Fontenot et al., 2012) . The activity and infestation of this insect on a variety of products has led it to become one of the most economically important pests of processed food in the world (Mohandass et al., 2006) . For many years, the control of P. interpunctella has traditionally involved the use of chemical insecticides. The use of chemical insecticides has been suggested to be the most effective and cheapest strategy to protect crops against similar pests (Zettler & Arthur, 2000; Cooper & Dobson, 2007) , but few synthetic insecticides are available for protection of stored products against pests. Additionally, the harmful effects of chemical insecticides, including negative effects on human health and environmental pollution, as well as rapid development of resistance by target pests, has made the wide application of these compounds for controlling stored product pests impractical. Therefore, it is necessary to look for safer strategies and more reliable alternatives to synthetic pesticides for grain protection and to develop new methods for integrated pest management (IPM) for stored products (Lawrence & Koundal, 2002) . Natural or synthetic digestive enzyme inhibitors can be incorporated into the food ingested by the insects. Furthermore, natural proteinaceous enzyme inhibitors can be expressed in host plants of many herbivorous pests thereby suppressing the invasion of the pests. One issue which must be considered in utilization of this controlling strategy is the adverse impacts of the inhibitors on nontarget natural enemies (Connors et al., 2002) .
Insect pest control and management methods are important requirements of agricultural development. In this framework, further attention is necessary on biocontrol agents that have lower cost and risk than chemical methods (Ratnadass et al., 2012) . Parasitoids play an important role in controlling crop pest populations in many agricultural systems (Lewis et al., 1997; Tilman et al., 2002) . One of the important natural enemies in many successful biocontrol programs is Habrobracon hebetor Say (Hymenoptera: Braconidae) which is a cosmopolitan idiobiont ectoparasitoid of lepidopteran larvae of crops and stored products (Baker & Fabrick, 2000) . The ability of H. hebetor to control larvae of the family Pyralidae such as P. interpunctella and Ephestia kuheniella (Zeller) has been documented by many researchers (AmirMaafi & Chi, 2006; Eliopoulos & Stathas, 2008; Mbata & Shapiro-Ilan, 2010) . However, in some cases natural enemies cannot establish appropriate levels of control. It seems that integration can be attempted between this method and other insect pest management programs in order to increase its efficiency. Before any integration, detailed studies of the direct and indirect effects of other pest management methods on biological control agents are necessary.
Many plants and microorganisms synthesize a broad range of defensive compounds, which may be of high importance in pest management programs due to their insecticidal properties (Ryan, 1990; Jongsma & Bolter, 1997) . These components have been known as a natural defensive system in plants which have high insecticidal potential and are found in cereals and grains frequently (Carlini & Grossi-de-S a, 2002) . These inhibitors also increase cereals and grains post-harvest tolerance against beetles (Hubert et al., 2005) . Enzyme inhibitors belonging to these classes of compound are small proteinaceous or non-proteinaceous molecules that interfere with the normal growth and development of insects by inhibiting the enzyme activities in their digestive system (Franco et al., 2002; Volpicella et al., 2011) . With the growing knowledge of biotechnology over the last three decades, the artificial expression of enzyme inhibitors through transgenic approaches has been proposed as a way to elevate plant resistance against invasion by herbivorous insects (Ryan, 1990; Jongsma & Bolter, 1997; Christou et al., 2006; Quilis et al., 2014) .
Enzyme inhibitors such as a-amylase inhibitors are appropriate candidates for protection of plants and their products against damage by herbivorous and granivorous insects (Gatehouse, 2008) . The non-proteinaceous a-amylase inhibitor acarbose is known for its inhibitory effect on the carbohydrases of herbivorous and carnivorous insects Kaufnerov a et al., 2007; Ghamari et al., 2014; Masoumzadeh et al., 2014) . Acarbose is an anti-diabetic drug that is obtained from fermentation processes of the microorganism Actinoplanes utahensis Couch (Wang et al., 2012) . We previously showed that acarbose interfered with the function of carbohydrate digestion in P. interpunctella, and affected several biological parameters (e.g., larval and pupal weight, larval length, larval and pupal duration, larval mortality, adult longevity, fecundity, fertility, and oviposition period) (Masoumzadeh et al., 2014 ). In the current study, we investigate the inhibitory activity of acarbose on a-amylases of H. hebetor. In addition to enzyme studies, various biological characteristics of H. hebetor are investigated on the larvae (as host) fed on the diet containing the inhibitor acarbose at multiple concentrations. In order to determine the effect of acarbose on energy reserves in host larvae and the parasitoid, the energy reserves are quantitatively measured (including total protein, lipid, water-soluble carbohydrates, and glycogen) in the larvae of P. interpunctella and adult females of H. hebetor. The aim of this study was to assess the impact of the inhibitor on a higher trophic level -parasitoids -and to gain a better understanding of the effect of EIs on parasitoid physiology and biological characters.
Materials and methods

Insects and rearing
All developmental stages of P. interpunctella were reared on artificial diet in a growth chamber at 30 AE 2°C and 60 AE 5% r.h. in continuous darkness. At the time of the study, the moths had been reared under these controlled conditions for at least three generations. The control diet for P. interpunctella was a mixture of 800 g wheat barn, 160 g yeast, 200 g glycerol, and 200 g honey. The experimental diets were derived from the control diet by enrichment with the inhibitor acarbose (A8980 Sigma-Aldrich) to a concentration of 0.01 and 0.0001% (wt/wt). Before mixing the ingredients, a stock solution of acarbose was prepared in distilled water at appropriate concentration. A known volume of the solution was added to glycerol and mixed, so that the desired concentration of acarbose was obtained.
Habrobracon hebetor were collected from parasitized larvae of Apomyelois ceratoniae (Zeller) in pomegranate orchards. Adult parasitoids were introduced into glass jars (14 cm diameter, 16 cm high) containing final instar P. interpunctella and a paper dipped in honey, and jars Carbohydrase digestion in a tritrophic system 189 were then covered with white cloth. Rearing was performed under standard environmental conditions (25 AE 1°C, 55 AE 5% r.h., and L16:D8 photoperiod). To obtain newly emerged parasitoids, female and male adults were released into glass jars containing 20 P. interpunctella final instars for 24 h. The parasitized larvae were then removed and the resulting adult parasitoids were used in the subsequent experiments (Chen et al., 2011 ).
a-Amylase assay
Thirty 3-day-old adult parasitoids were chosen randomly from each treatment. The adult parasitoids were collected into a known volume of distilled water and homogenized with a hand-held glass grinder on ice. The homogenates were centrifuged at 16 000 g (relative centrifugal force) at 4°C for 18 min. The supernatants were passed through filter paper (2.5 lm pore size), transferred to new tubes, and maintained at À20°C until further use. Protein concentration was determined according to Lowry et al. (1951) using bovine serum albumin (BSA) as the standard.
a-Amylase activity was measured according to Bernfeld (1955) with slight modifications. Soluble starch (1%) was used as a substrate in the assay. Fifteen ll of the enzyme extract was incubated for 30 min at 30°C with 80 ll buffer and 15 ll soluble substrate. The reaction was stopped by addition of 100 ll dinitrosalicylic acid (DNS) as reagent. In the blanks, the enzyme extract was added to the reaction mixture after DNS treatment. The reaction mixture was heated in boiling water for 10 min, and the absorbance was measured at k = 540 nm. Impacts of pH were determined according to Ghamari et al. (2014) with slight modifications. The effect of pH was determined with a universal buffer (40 mM citrate-phosphate-borate, pH 3-8).
In vitro and in vivo a-amylase inhibition assay
In vitro amylase inhibition assay was carried out by 30 min pre-incubation of the enzyme extract with the inhibitor acarbose at 0.0001, 0.001, 0.01, 0.1, and 1% (wt/ vol). Residual a-amylase activity was estimated at pH 4, as described above. In the in vivo assays, adult parasitoids were collected from larvae reared on diets incorporated with the inhibitor at 0, 0.01, and 0.0001% (wt/wt) and a-amylase activity was assessed.
Quantification of the energy reserves
Female adults of H. hebetor and final instars of P. interpunctella were chosen randomly, and were homogenized separately in 180 ll of aqueous lysis buffer solution (100 mM KH 2 PO 4 , 1 mM dithiothreitol, and 1 mM ethylenediaminetetraacetic acid, pH 7.4) using a micropestle for 30 s. Energy reserves of the whole body of the insects were determined mainly following the method of Foray et al. (2012) with slight modifications. Total protein content of the homogenates resulted from the whole body of host larvae and adult parasitoids was estimated according to Lowry et al. (1951) , using BSA as the standard. Total carbohydrate was dissolved by addition of 20 ll of sodium sulfate solution (20%) to 180 ll homogenate (Van Handel, 1965; Van Handel & Day, 1988) . Total lipid and water-soluble carbohydrates were solubilized by mixing the solution with 1 500 ll of a chloroform-methanol solution (1:2 vol/vol) (Van Handel, 1965; Van Handel & Day, 1988) . Each sample was then centrifuged at 16 000 g for 15 min at 4°C. A volume of 150 ll of the supernatant of each sample was transferred into a new 1.5-ml microtube and was evaporated for 30 min at room temperature until a volume of ca. 10 ll was reached. Then, 240 ll of fresh anthrone reagent (1.42 g l À1 in 70% sulfuric acid) was added to each microtube and microtubes were incubated for 15 min at room temperature. The microtubes were then heated for 15 min at 90°C in a water bath, the absorbance of the samples was read at k = 630 nm using D-glucose as the standard (Van Handel, 1965; Foray et al., 2012) . The pellet was used for the determination of glycogen content. The pellet of each insect sample was washed using 400 ll of 80% methanol twice. One ml of fresh anthrone reagent was added to the pellet, followed by 15 min of incubation at 90°C in a water bath. Samples were cooled on ice and filtered by filter paper (2.5 lm pore size), and the absorbance was read at k = 630 nm using D-glucose as standard. Vanillin reagent and cholesterol (as the standard) were used for measuring total lipid content (Van Handel, 1985) . One hundred ll of the supernatant from centrifuged chloroform-methanol solution (described above) was transferred into new microtubes and heated until complete solvent evaporation. Ten ll of 98% sulfuric acid was added to each microtube, which was then incubated at 90°C for 2 min. Vanillin reagent (190 ll) was added to each ice pre-cooled microtube. The absorbance was determined at k = 540 nm after 15 min incubation at room temperature. Total protein, lipid, carbohydrate, and glycogen were transformed into energetic equivalents. The energy equivalents of the reserves are 24 000 mJ mg À1 protein, 39 500 mJ mg À1 lipid, and 17 500 mJ mg
À1
carbohydrate (Gnaiger, 1983) .
Biological parameters of Habrobracon hebetor
Five containers (10 9 15 9 20 cm) containing 200 g of the diet (0, 0.01, and 0.0001% wt/wt acarbose) were inoculated with 300 first instars. The containers were kept in growth chambers in continuous darkness at 30 AE 2°C and 60% r.h. After 14 days, five pairs (a female and a male) of newly emerged adult parasitoids were introduced to each container. Larval duration, pupal duration, female longevity, adult wet and dry weight, tibia length, wing length, and wing width of next-generation wasps were measured.
Statistical analysis
The experimental design was completely randomized in all assays. All biochemical assays and bioassays were conducted with at least three and five replicates, respectively. Analyses were performed with the software SAS v.9.2 (SAS Institute, Cary, NC, USA). Data were analyzed by one-way ANOVA. Means were compared with Tukey's test (a = 0.05). Graphs were plotted by SIGMAPLOT v.12.3 software (Systat Software, San Jose, CA, USA).
Results
a-Amylase activity
The highest a-amylase activity of the parasitoid whole body was observed at pH 4 ( Figure 1A) . A dose-dependent inhibitory in vitro effect of acarbose on the a-amylase activity was determined ( Figure 1B) . The in vivo assays revealed that a-amylase activity decreased 37% at high (0.01% wt/wt) concentration of acarbose (F 2,8 = 100.7, P<0.05) compared to the control (49 vs. 78 mU mg À1 ) ( Figure 1C ). There was no significant amylase activity reduction at low inhibitor concentration (0.0001% wt/wt).
Energy content of Habrobracon hebetor and Plodia interpunctella
The average total energy reserves (i.e., the sum of the energy from total protein, lipid, carbohydrate, and glycogen content) of H. hebetor (F 2,8 = 7.4) and P. interpunctella (F 2,8 = 2 145, both P<0.05) changed at different inhibitor concentrations (Figure 2 ). Total protein, lipid, soluble carbohydrate, and glycogen contents of both insects were also compared individually. Acarbose at low concentration (0.0001%) did not affect energy reserves in the parasitoids emerged from the larvae fed on the diet. There were no significant differences in total lipid and glycogen of the parasitoids emerged from the larvae fed on the diet containing the inhibitor (Figure 3) . However, decreases were observed in total protein (F 2,8 = 7.5) and inhibitor were affected (Figure 4) . At increased acarbose concentrations, all energy budget components decreased. The most important energy reserve in the adult parasitoids were lipids (77% of total energy reserves) followed by proteins (20%), soluble carbohydrates (1.6%), and glycogen (1.4%) ( Figure 5A ). At high inhibitor concentration (0.01%), however, proteins were the most affected energy reserve (17%) followed by lipids (80%) ( Figure 5A ). There were no remarkable changes in soluble carbohydrate and glycogen content when the parasitoids emerged from larvae fed on the inhibitor-treated diet.
The most important energy reserve in larval P. interpunctella were lipids (71% of total energy reserves) followed by proteins (27%), soluble carbohydrates (1.2%), and glycogen (1.0%) ( Figure 5B ). At high inhibitor concentration (0.01%), proteins were the most affected energy reserve (19%) followed by lipids (79%). There were no significant changes in soluble carbohydrate and glycogen content when larvae fed on the inhibitor-treated diet.
Effect of the inhibitor on traits of Habrobracon hebetor
None of the traits larval duration, pupal duration, female longevity, adult wet and dry weight, tibia length, and wing length and width were significantly affected by the inhibitor at either acarbose concentration (Table 1) .
Discussion
The key finding of this study is that acarbose ingested by host larvae, at least at high concentrations, has detectable effects on the physiology of emerging parasitoids (a-amylase activity, protein and carbohydrate content). However, the impact on parasitoid physiology does not translate into an effect on parasitoid fitness. The effects on the parasitoid are attenuated compared to the effects of acarbose on the host insect as the results from the present study and our previous work (Masoumzadeh et al., 2014) demonstrated high impact of acarbose on P. interpunctella physiological and biological parameters.
Under both in vitro and in vivo conditions, H. hebetor a-amylase activity was affected by acarbose. Acarbose has been established as an efficient inhibitor in various species of insects and other arthropods. Kaufnerov a et al. (2007) showed that acarbose had suppressive effect on a-amylase activity of Ephestia kuehniella Zeller. Hubert et al. (2007) reported that acarbose can inhibit a-amylase activity in the flour mite Acarus siro L. under both in vitro and in vivo conditions. Alvarez-Alfageme et al. (2012) investigated the inhibitory potential of acarbose on some bruchid beetles and several species of parasitic wasps, and found a greater ability of acarbose to inhibit a-amylase activity compared to a-amylase inhibitor taken from wheat. High sensitivity of amylase from the bruchid Zabrotes subfasciatus (Boheman) (Grossi de Sa et al., 1997) , the bug Podisus maculiventris (Say) , and the weevil Sitophilus zeamais Motschulsky (Lopes et al., 2010) to the inhibitor has been also reported. In our previous study we found high inhibitory potential of acarbose on a-amylase activity, as well as effects of acarbose on weight, size, and physiological and biological parameters of P. interpunctella (Masoumzadeh et al., 2014) . No adverse effects on morphological and biological parameters of H. hebetor were detected when the host larvae were fed a diet containing acarbose. In a similar study, acarbose had no negative effects on longevity and duration of the oviposition period of Cheyletus malaccensis Oudemans, but it reduced its fecundity . Kaufnerov a et al. (2007) showed that acarbose did not have any suppressive effects on Venturia canescens (Gravenhorst). This is because of very low transfer of the inhibitor from the diet of host larvae to the larval parasitoid (Kaufnerov a et al., 2007) . The same outcome could occur if other inhibitors are used at low concentrations. For example, Burgess et al. (2002) reported that despite reduced activity of trypsin, Nebria brevicollis Fabricius survival and body mass were unaffected when fed on larvae of Helicoverpa armigera (H€ ubner) reared on a diet enriched with aprotinin (protease inhibitor). Similar findings were reported by Bell et al. (2001) for the ectoparasitoid Eulophus pennicornis Nees exposed to tomato moth, Lacanobia oleracea L., when fed with artificial diet containing cowpea trypsin inhibitor.
Acarbose incorporated into the diet significantly influenced energy reserves of the host P. interpunctella larvae. Inhibition of digestive enzymes may affect digestion of food, and might lead to interference with larval digestion and reduction in stored energy reserves. Reduction in protein and glycogen content in the larvae of E. kuhniella treated with acarbose has been reported (Kaufnerov a et al., 2007) . Reduction by the alkaloid harmine of a-amylase activity and energy reserves in P. interpuctella was documented in a study of the impact of enzyme inhibitors on energy reserve contents (Bouayad et al., 2012) .
Low concentration of acarbose did not affect energy reserves of the parasitoid whereas high concentration led to reduction in total protein and carbohydrate content. The inhibitor incorporated into host diet may be transferred to the parasitoid body directly via nutrition (toxic effect). On the other hand, interference with host physiology and biology by enzyme inhibitors may influence the higher trophic level (parasitoid) (Hubert et al., 2005 Kaufnerov a et al., 2007) . In both cases parasitoid physiology and energy reserves may change. Parasitoids, like other holometabolous insects, need to store energy in larval stages for pupal and adult development. Adult parasitoids usually need sufficient content of protein, lipid, and carbohydrate for survival and reproduction (G€ und€ uz & G€ ulel, 2010; Is ßitan et al., 2011) . Habrobracon hebetor is a synovigenic species that feeds on its host during the adult stage (G€ und€ uz & G€ ulel, 2010) . Sugar is the main energy source for adult parasitoids obtained via host feeding. Adults are not capable of synthesizing proteins and lipids, but they are synthesized and stored in larval stages, although adult females can reabsorb eggs and obtain some protein and lipid in the absence of a host (G€ und€ uz & G€ ulel, 2010; Is ßitan et al., 2011) . Therefore, the larval stages store and transfer energy from the host to the adult stage in the life cycle of parasitoids. In this process, reductions in host energy content could affect larval and then adult parasitoid energy reserves.
Total protein content ratio (protein energy equivalent/ total energy reserves) decreased in both larval host and adult parasitoid at increased concentration of the inhibitor; however, total lipid ratio (lipid energy equivalent/total energy reserves) increased. It seems that acarbose inhibition of a-amylase and digestion led insects to increase their lipid ratio compared to the total energy. It is advantageous for insects to store energy in the form of lipids because they provide more energy per unit weight (Perez-Mendoza et al., 1999) . The protein content of insects is not seen as a source of energy, but insects use protein for development, maintenance, morphogenesis, and reproduction (Brown, 1980) . It seems that the diminution in the ratio of energy reserves in the host larval body at high inhibitor concentration results in reduced parasitoid protein and carbohydrate content.
Although a-amylase activity and energy content were affected by acarbose in adult parasitoids, their biological and morphological features were unaffected by host type (reared on different concentrations of acarbose). To explain this, we have to realize that H. hebetor is a gregarious ectoparasitoid -several parasitoids develop and emerge from one larval host (Baker & Fabrick, 2000) -, so it seems that a small host larva can provide enough nutrients for at least one individual. Also, H. hebetor, like most parasitoids, regulates its clutch size based on host size, thereby avoiding larval competition (Ode et al., 1995; Yu et al., 2003) . However, a small host larva usually prolongs developmental times and decreases the size of the emerged parasitoid (Harvey & Vet, 1997) . Nevertheless, our data indicate that a small host larva does not affect the body size of the adult parasitoid.
Generally, in a multitrophic perspective, enzyme inhibitors have no remarkable impact on non-target or higher trophic level of insects (Schl€ uter et al., 2010) , and in most studies no effects have been observed against natural enemies (Bell et al., 2001) . Especially, in the case of acarbose as amylase inhibitor, negative effects on upper trophic level should be less than proteinase inhibitors because amylase, despite being a key enzyme in herbivorous (e.g., stored product pests) insects, has less activity and role in carnivorous insects than proteases. So, in a potential IPM program for P. interpunctella acarbose may cause a reduction in larval weight, an increase in larval developmental time, and an interruption in life cycles over multiple generations. Smaller, weakened larvae may be exposed to parasitoids more often, causing an increase in the parasitism rate. Therefore, the simultaneous use of acarbose with the parasitoid H. hebetor might harm the parasitoid, yet it may increase its performance. However, more studies are needed to explore a suitable application method for these inhibitors on stored product pests.
The present study provides insight into the relationship between the carbohydrase inhibitor acarbose and some physiological, morphological, and biological characteristics of the braconid parasitoid H. hebetor. The results obtained do not show any negative effects of acarbose on adult parasitoids; however, further studies should be conducted to gain a thorough understanding of the impacts of enzyme inhibitors on the fitness of natural enemies.
